How proteins localize at the pole remains an enigma. DivIVA/Wag31, which is an essential pole organizing protein in mycobacteria, can assemble at the negatively curved side of the membrane at the growing pole to form a higher order structural scaffold for maintaining cellular morphology and localizing various target proteins for cell-wall biogenesis. A single-site phosphorylation in Wag31 is linked to the regulation of peptidoglycan biosynthesis for optimal mycobacterial growth. The structural organization of polar scaffold formed by coiled-coil rich Wag31, which is a target for anti-tubercular agent amino-pyrimidine sulfonamide, remains to be determined. Here, we report biophysical characterizations of a phospho-mimetic (T73E) and a phosphoablative (T73A) form of mycobacterial Wag31 using circular dichroism, small angle solution X-ray scattering and atomic force microscopy. While data obtained from both variants of Wag31 in solution states suggested formation of alpha-helical, large, elongated particles, their structural organizations were different. Atomic force microscopic images of Wag31 indicate polymer formation, with occasional curving, sharp bending and branching. Observed structural features in this first view of the polymeric forms of Wag31 suggest a basis for higher order network scaffold formation for polar protein localization.
Introduction
Cell poles are sites for many critical biosynthetic and regulatory activities, which are important for polar growth, chemo-taxis and the proper progression of the cell cycle (1) (2) (3) . How bacteria localize proteins at the cell pole is little understood. A 'diffusion-andcapture' process is suggested as one of the general mechanisms of recruitment at the pole, which must harbor a 'hub' or a 'landmark' for capturing the diffusing target entities (1) (2) (3) . Examples of such pole-organizing 'hub' proteins include PopZ in Caulobacter crescentus and HubP in Vibrio cholerae (4) (5) .
Bacterial tropomyosin-like protein DivIVA recently emerged as one such important 'hub' or 'landmark', which is implicated in the polar capturing of a number of proteins and the chromosomal origin in several bacteria (6) (7) (8) (9) (10) . DivIVA can sense curved, concave surfaces and can assemble at the inner, cytoplasmic side of the membrane at the pole or at the division septum to form a structural scaffold (7, (11) (12) (13) (14) (15) . These structural scaffolds formed by DivIVA likely aid in the capturing and localization of various target proteins at the pole.
How do the 'hub' proteins like DivIVA sense concave membrane curvature and assemble at the pole? Proposed models range from factors such as geometric cues, physical or chemical factors, including difference in lipid composition, individual oligomerization as a curvature-sensing mechanism, collective interactions for curvature sensing, and volume exclusion (12, (16) (17) (18) . It has been suggested that DivIVA localize at the pole by sensing geometric cue and utilizing higher order assembling (7, 12, 14, 19) . However, little is known about these higher order oligomers of DivIVA.
Although curvature-sensitivity and coiled-coil organizations are common amongst DivIVAs, their biological roles can be very different in different bacteria (20) . In Bacillus subtilis, DivIVA (bsDivIVA) participates in the localization of 'Min' division inhibitors (11) . During sporulation in B. subtilis, bsDivIVA participates in polar anchoring of the chromosome origin, which is mediated by a DNA binding protein RacA (6, 21) . In Listeria monocytogenes, DivIVA play multiple roles in secretion of autolysins, division septum positioning and swarming motility (22) (23) . In actinobacteria, DivIVA reportedly participates in cell-shape maintenance, origin tethering, protection against oxidative stress and directing the cell-wall biosynthetic proteins at the pole (15, (24) (25) (26) (27) . In Corynebacterium glutamicum, DivIVA localizes RodA at the pole (28) . However, detailed natures of these protein-protein interactions are not known.
Human pathogen mycobacteria, unlike Escherichia coli and B. subtilis, grows exclusively at the pole, where the 'old' pole grows faster than the 'new' pole (29) (30) . DivIVA, which is also known as Wag31, is essential in mycobacteria and is required for the maintenance of cell morphology and for polar growth (15, 25, (31) (32) . Wag31 appears to play a critical role in polar growth by creating an excluded, inert zone at the pole and directing the localizations of some cytosolic cell-wall biogenesis enzymes at the sub-polar regions while interacting with others in mycobacteria (15) . A single site (T73) phosphorylation of Wag31 relates to its better polar localization and higher peptidoglycan synthesis during rapid growth (32) . At the pole, Wag31 acts as a molecular scaffold and interacts with many proteins involved in the cell wall synthesis and cell division such as acyl-CoA carboxylase, penicillin binding protein FtsI (a component of divisome), CwsA, and chromosomal origin partition protein ParA (15, (33) (34) (35) (36) . CwsA appears to play a role in Wag31 localization in mycobacteria (34) . Furthermore, Wag31 is identified as a target for anti-tuberculosis agent aminopyrimidine sulfonamide, with an unknown mechanism of action (37) (38) .
Structural information on DivIVA scaffolds is so far limited to only one protein from B. subtilis, presumbly due to the challenges in crystallizing a highly aggregation-prone, scaffold-forming protein. A tentative model of ~30 nm long, curved, tetrameric bsDivIVA was obtained by combining an atomic-resolution structure of the N-terminal, lipid binding domain and a low-resolution structure of the C-terminal tetrameric domain containing only C-alpha atoms (14) . Based on cryo-negative electron microscopy, a ~22 nm long and ~3 nm wide "doggy bone" shaped bsDivIVA structural unit was reported that further assembles to form higher order strings and network-like structures by lateral interaction (39) . These higher order networks likely recruit target proteins at the pole and are important for morphology (39) .
Here, we report first-ever in vitro characterizations of the phospho-mimetic and phospho-ablative forms of DivIVA/Wag31 from M. tuberculosis (tbWag31, Rv2145c from M. tuberculosis) using circular dichroism spectro-polarimetry (CD), atomic force microscopy (AFM) and small angle X-ray scattering (SAXS). While SAXS data are consistent with the formation of rod-shaped, elongated tbWag31 polymers, AFM images indicate that tbWag31 form polymeric structures with instances of bending and branching. We are presenting the first views of polymeric structures formed by tbWag31, that suggest how it can likely form higher order structural scaffold at the pole.
Wag31 is alpha helical in solution
In order to learn about phosphorylation-dependent structural organizations of tbWag31, we purified full-length tbWag31 (~28 kDa/monomer) in two forms, phosphomimetic tbWag31-T73E and phospho-ablative tbWag31-T73A and confirmed by mass spectrometry (S1, supplementray material; 32, 40-41). To obtain the secondary structure contents of tbWag31 variants, we performed CD experiments (figure 1a). The CD profiles suggested high alpha-helical contents for both mutants, as expected for coiled-coil rich proteins. The two CD profiles of the mutants were slightly dissimilar (figure 1a), suggesting differences either at the level of secondary structure or in their respective assembly states caused by a single site mutation.
Coiled coils can be assembled in many different ways, in parallel or anti-parallel orientations, to form dimer, trimer, tetramer, pentamer or hexamer (42) , which can be easily exploited for higher order scaffold formation. Wag31-homolog bsDivIVA contains two coiled coil domains, a dimeric, N-terminal domain and a central, tetrameric Cterminal domain, that are joined by a short, ~ 20 residue linker region to form a tetramer (14) . A short, intertwined loop region in the terminally located N-terminal domain of tetrameric bsDivIVA interacts with the membrane (14) . While a similar overall organization might be shared by these two proteins with ~ 21 % sequence identity, tbWag31 (260 residues) is much longer than bsDivIVA (164 residues), and contains a phosphorylation target site (T73, 32). Two coiled coil domains were predicted for tbWag31: one in the N-terminal region and one in the C-terminal region, the latter showing higher propensity to be a trimer than a dimer (figure 1b, 31). The phosphorylated Thr73 residue in tbWag31 is housed within the ~100 residue long linker region in between the two domains, which is predicted to be intrinsically disordered (figure 1b).
Wag31 form elongated, rod-shaped structures in solution
Static SAXS data acquired from purified, 1-day old tbWag31-T73E and tbWag31-T73A proteins were analyzed to obtain model-free, averaged sizes of the scattering particles in solution (table 1, figure 2 ). Due to the polymeric nature of the tbWag31 proteins, routine SAXS data analysis applicable to globular proteins was not performed. Shapes of the modified Guinier plots for rods and dimensionless Kratky plots of the SAXS data were consistent with the presence of non-globular, elongated particles for both mutants (43) (44) . Cross-sectional radii of gyration (R XS ) and linear mass densities (mass per unit length) were obtained from the slopes and intercepts of the modified Guinier plots (table 1; 44). It appears that the ablative mutant is much thinner than its mimetic counterpart in the cross-sectional direction. Possible reasons for this size difference could be lateral interactions between individual polymers or their conformational differences or branching or combinations thereof. On the other hand, linear mass densities of the polymeric mutants were not substantially different, thus ruling out lateral interaction (table 1, figure 2 ). The phospho-ablative mutant appears to be more rod-like than the phospho-mimetic mutant in the Kratky plot, which could be due to higher degree of branching in the latter (figure 2). A comparison of cross-sectional pair distribution functions (P XS ) further supported difference in cross-sectional sizes between the tbWag31-T73E and tbWag31-T73A mutants (table 1, figure 2 ). Cross-sectional pair distribution functions suggest a substantial change in structural organization between the two mutants, with a large (~ 9.8 nm) difference in their maximum cross-sectional diameters. Interestingly, the first two peaks in both the P XS functions are co-located (~ 0.6 nm and 3.8 nm). It is possible that the phospho-mimetic mutant has more extended conformation and/or more branched than the ablative form, which is consistent with the differences observed in their modified Guinier, P XS and Kratky plots (figure 2). All the solution size parameters are summarized in table 1a.
Wag31 assemble to form polymers with bending and branching
AFM provided a wealth of information on coiled-coil rich intermediate filaments (45) (46) . To directly visualize the higher order forms of Wag31, AFM imaging of 2-7 days old tbWag31 samples were performed (table 1, figure 3 ). Protein samples were serially diluted in water to a final concentration of 0.004 mg/ml, applied to a freshly cleaved mica surface and air dried prior to imaging (table 1). Filaments were observed for both variants of tbWag31 ( figure 3 ). However, noticeably fewer tbWag31-T73A filaments were located on the mica surface than tbWag31-T73E filaments under comparable experimental conditions. Therefore, most of our discussions will be relevant to the phospho-mimetic form of tbWag31. Lengths of the polymers changed substantially between 2 nd and 5 th day old tbWag31-T73E (more than 10 micron), indicating primarily linear growth. Fewer long polymers were detected on 6 th and 7 th day.
Most interesting features of both the tbWag31 filaments were occurrences of occasional curving, kinking (sharp change in filament direction) and apparently branched structures (figure 3). These bent/branched structures can be formed by dimeric, trimeric or other forms of coiled coils. Measured bending (smaller) and branching (smallest) angles in the tbWag31-T73E filaments showed wide-ranging distributions (table 1) .
Measured heights obtained from the AFM images show rather wide crosssectional size range for the phospho-mimetic form of tbWag31 (table 1) . No clear temporal pattern in height changes were detected for the tbWag31-T73E filaments obtained from 2 nd to 7 th day. Due to fewer instances of tbWag31-T73A polymers in comparison to the tbWag31-T73E polymers in the acquired AFM images, we cannot comment on any difference in height or the level of branching/bending between these two polymers. Results of AFM image analysis are provided in table 1.
Summary
We present low resolution structural characterizations of higher order assemblies formed by the phospho-mimetic and phospho-ablative variants of tbWag31, based on CD, SAXS and AFM data. While SAXS data provided estimations of averaged crosssectional sizes of hydrated tbWag31 polymers in solution, AFM images allowed direct visualizations of air-dried polymers on the mica surface. As the AFM images were acquired at much lower concentrations of proteins than that used for the SAXS experiments, we are not performing any direct comparison of results derived from these experiments. The phosphor-ablative form appears to have different structural organization (SAXS) and less frequently seen (AFM) than the phosphor-mimetic form of the polymer. Observed differences between the two mutants are in accordance with previously published yeast two-hybrid data that the phospho-mimetic Wag31 is relatively better at self-interaction amongst the two, that likely relates to phosphorylation-dependent regulation of cell wall synthesis (32) .
The AFM images presented here suggest how a Wag31 scaffold might form at the cell pole. It has been reported that bsDivIVA forms bent tetrameric structure that makes rather tenuous contact with the membrane (14) . In addition, bsDivIVA can form "doggy-bone" shaped structural units with bifurcated ends and can form 2-dimensional structures by lateral interaction of strings composed of "doggy-bone" units (39) . An ability to form curved polymer with a curvature perfectly matching that of the polar curvature of the cell was suggested as one of the possible mechanisms of polar assembling (39) . Although we observed polymers that appear to be curved and branched, our data shows no clear evidence of lateral interaction between these polymers. Considering the diameter of rod-shaped mycobacteria (of the order of 300-500 nm, 47), the several micron long extended filaments observed in vitro are probably results of unimpeded filament growth under experimental conditions. Nevertheless, these AFM images provided very important clues about possible Wag31-mediated scaffold formation at the pole. These tbWag31 polymers appear to be nimble and capable of curving, kinking and branching with a wide range of angles (table 1, figure 3 ). Recurring occurrences of the observed structural features in a growing Wag31 polymer can likely lead to the formation of a localized networked structure within the polar confinement ( figure 4 ). Atomic details of these structures, effect of phosphorylation and lipid bilayer on these structures, the frequency and structural determinants of bending/branching with respect to the polar membrane and directionality of polymer growth, remains to be explored. CD spectra (195-250 nm) of freshly purified proteins at 0.5 mg/ml concentrations dialyzed in 50 mM sodium phosphate buffer (pH 7.5) were recorded at 25º C on a Jasco J815 spectro-polarimeter in a cuvette with 0.1 cm pathlength. Three scans were averaged and analyzed by Dichroweb program (48) . Due to the polymeric nature of our sample, estimations of alpha-helical contents were not performed. (b) Predicted coiled coil and intrinsic disordered regions versus tbWag31 sequence numbers are shown. Multicoil and IUPRED were used for coiled coil and intrinsic disorder predictions, respectively (49) (50) . Predicted disorder tendency values are shifted along the y-axis for better visualization. Figure 2 . SAXS data of tbWag31-T73E (red, triangle) and tbWag31-T73A (blue, square). (a) Modified Guinier plots for rod-shaped particles (LnI(q).q versus q 2 ) are shown, where I is the intensity and q is the momentum transfer in nm -1 (q= 4.p.sin(q)/l, 2q is the scattering angle, l is the X-ray wavelength). (b) Dimensionless Kratky plots (I(q)/I(0).(q.R g ) 2 versus (q.R g ), where I(0) is the forward scattering and R g is the radius of gyration as obtained from the Guinier plots (q.R g < 1.3). Theoretical Kratky plots for globular, coil and rod-shaped scattering particles are shown for comparison (51) . (c) Cross-sectional pair-distribution function (P XS ) versus r in nm (option 4 in GNOM from the ATSAS suite, 52), where r is the pair-wise distance in real space. P XS functions were calculated under boundary conditions that P XS =0 at r=0 and at r ≥ D XSmax , D XS-max being the maximum particle diameter in the cross-sectional direction. SAXS datasets are deposited in Small Angle Scattering Biological Databank (SASBDB), with accession numbers SASDEB2 and SASDEC2 (53) . Figure 3 . AFM topographic images of (a-f) tbWag31-T73E and (g-i) tbWag31-T73A filaments. Minimum image processing (first order flattening and brightness contrast) was employed. Contour lengths were measured by tracing the molecular contour with a segmented line. All heights were measured in nm as the difference between the top of the biomolecules and the average height of the underlying mica using PicoImage Elements software v7. We note that AFM images have lower resolution in the horizontal direction (width, because of the limit on resolution due to the tip width) than the vertical (height) direction, typically causing apparent width broadening (54) . In addition, measured heights are influenced by electrostatic interactions (55) . Scale bars are one micron. 
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